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B Cell Development under the Condition
of Allelic Inclusion
Eiichiro Sonoda,*³ Yael Pewzner-Jung,² alleles are indeed generated, but rapidly counterse-
lected so that they become undetectable. An extremeStephan Schwers,* Shinsuke Taki,*§ Steffen Jung,²
Dan Eilat,² and Klaus Rajewsky* model of this kind postulated that H chain expression
from both alleles at an early developmental stage is*Institute for Genetics
University of KoÈ ln toxic for the cells, resulting in cell death (H chain ªtoxic-
ityº; Wabl and Steinberg, 1982). Alternatively, cells hav-Weyertal 121
D-50931 KoÈ ln ing acquired productive VHDHJH joints on both IgH alleles
may possess a mechanism to silence one of them. ThisFederal Republic of Germany
²Division of Medicine latter possibility was advocated by Imanishi-Kari et al.
(1993), who found that hybridomas from IgH transgenicHadassah University Hospital
Jerusalem 91120 mice could switch from the expression of an endoge-
nous to that of the transgenic H chain upon loss of theIsrael
endogenous IgH rearrangement in vitro. While such a
mechanism cannot account for the underrepresentation
of cells bearing two in-frame VHDHJH joints in the com-Summary
partment of early progenitor cells (LoÈ ffert et al., 1996),
it could act as an additional safeguard ensuring allelicMice whose IgH alleles are engineered to encode two
exclusion beyond pre-B cell receptor±mediated arrestdistinct antibody heavy (H) chains generate a normal-
of IgH gene rearrangement. The paradoxical finding thatsized B cell compartment in which most cells stably
in l5-deficient mice allelically included cells are presentexpress the two heavy chains. This demonstrates that
in the compartmentof early B cell progenitorsbut absentªtoxicityº of bi-allelic H chain expression and cell-
from that of surface immunoglobulin-positive B cellsautonomous mechanisms of silencing in-frame IgH
(Kitamura et al., 1992; LoÈ ffert et al., 1996) could be ex-gene rearrangements do not significantly contribute
plained in this way.to allelic exclusion at the IgH locus. Notwithstanding,
In an attempt to investigate these matters further,the stability of the various engineered IgH loci during
we have generated, by gene targeting, mice that carryB cell development in the bone marrow differed sub-
distinct in-frame VHDHJH joints in their IgH alleles at thestantially from each other.
appropriate position. We now use these animals to ex-
plore whether H chain toxicity or silencing of in-frameIntroduction
VHDHJH joints plays a significant role in the establishment
of allelic exclusion at the IgH locus.B lymphocytes express an immunoglobulin (Ig) heavy
(H) chain from only one of their IgH alleles. This phenom-
enon is called H chain allelic exclusion and reflects the Results
fact that only one allele of a B cell carries an in-frame
(ªproductiveº) VHDHJH gene rearrangement. The analysis Replacement of the JH Locus by Distinct,
of IgH rearrangements in single B cell progenitors has In-Frame VHDHJH Rearrangements
shown that allelic exclusion is seen as soon as the cells in the Mouse Germline
begin to undergo such rearrangements (LoÈ ffert et al., We had previously used classical gene targeting to gen-
1996). This supports the prevailing view that allelic ex- erate a mouse strain (designated T15i) whose JH locus
clusion is due to a cell-autonomous developmental con- was replaced by the VHDHJH segment of the phosphoryl-
trol mechanism by which gene rearrangements in the choline-binding antibody T15 (Taki et al., 1993). In this
IgH locus are arrested once the cell expresses an H mutant, a neomycin resistance gene (neor ) sits upstream
chain from one of its IgH alleles (reviewed by Rajewsky, of the VHT15 gene. For the production of the additional
1996). It is believed that the initial signal for this arrest ªknock inº mutants required for the present study, we
results from H chain expression at the cell membrane, used the Cre-loxP recombination system to delete the
mediated in the progenitor cells by the assembly of the neor gene after the replacement of JH by other VHDHJH
pre-B cell receptor,a structure composed of membrane- segments (Gu et al., 1993). These other VHDHJH gene
bound H chains of class m, the surrogate light (L) chain segments are derived from the (4-hydroxy-3-nitrophe-
l5/V pre-B, and thesignaling units Iga and Igb. In accord nyl) acetyl (NP)-binding antibody B1-8 (Reth et al., 1978;
with this view, allelic exclusion was abolished in early Bothwell et al., 1981) and antibody glD42, a mutant of the
progenitors by mutation of the l5 gene (Kitamura et al., DNA-binding antibody D42 (Eilat et al., 1988; Pewzner-
1992; LoÈ ffert et al., 1996). Jung et al., 1996) with a reduced affinity for DNA. VHB1-8
However, it is difficult to exclude the possibility that was modified by a silent point mutation in codon 92,
B cell progenitors expressing H chains from both IgH inactivating the ªinternalº heptameric recombination
signal sequence (RSS) known to mediate the so-called
VH replacement reaction (Reth et al., 1986; Kleinfield et³Present address: Molecular Immunology and Allergy, Kyoto Uni-
al., 1986), in an attempt to increase the stability of thisversity, Kyoto 606-01, Japan.
gene segment in B cell development (see Discussion).§Present address: Department of Immunology, Faculty of Medicine,
University of Tokyo, 113 Tokyo, Japan. The targeting strategy for the generation of the B1-8i
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Figure 1. Targeted Insertion of the B1-8VDJ
Gene into the Germline of the IgH Locus
(A) (a) Partial restriction endonuclease map
of the wild-type IgH locus. The closed circle
represents the IgH intron enhancer, and
closed boxes represent DQ52 and JH1-4 ele-
ments. R, EcoRI; H, HindIII; N, NaeI; Xh, XhoI;
probe A, HindIII±XhoI fragment; probe B,
NaeI±EcoRI fragment. (b) Targeting vector.
The XhoI±EcoRI fragment containing the
DQ52 and JH1-4 elements was replaced by
B1-8VDJ and the ªfloxedº neomycin gene.
Closed triangles represent the loxP sites. (c)
Predicted structure of the targeted IgH locus
before deletion of the neomycin gene. Arrow-
heads indicate the position of PCR primers.
(d) Predicted structure of the targeted IgH
locus after deletion of the neomycin gene.
The fragment sizes (in kilobases) detected by
probe A and B are indicated.
(B) Southern blot analysis of ES cell clone
transfectants and offspring of germline chi-
meras. (a) EcoRI- and HindIII-digested geno-
mic DNA from ES cell clones was hybridized
to probe A and probe B, respectively. Lanes
1 and 2, targeted clones after deletion of neo-
mycin; lane 3, parental ES cell line (E14.1);
lane 4, targeted clone before deletion of neo-
mycin. (b) EcoRI-digested tail DNA from the
offspring of germline chimeras was hybrid-
ized with probe A. Fragment sizes (in kilo-
bases) are indicated.
strain is depicted in Figure 1A, and the characterization allelically excluded: when the IgH loci in these animals
of the B1-8i mutation by Southern blotting before and are chosen to carry different C region allotypes and the
after neor deletion is shown in Figure 1B. The generation B cells in the peripheral blood (and also other organs;
of the glD42i strain followed the same principles and see below)are stained accordingly, it turnsout that most
will be detailed elsewhere (Y. P.-J., S. J., E. S., K. R., B cells express the targeted allele only, even more so
and D. E., unpublished data). in the case of B1-8i than with glD42i (Figure 2A, middle
We thus had three mutant mouse strains at our dis- diagrams; see also Table 1). Data in the next section
posal that carried distinct VHDHJH gene segments in their and Table 1 show that in the case of B1-8i this corre-
IgH loci. Since the T15i and B1-8i strains had been gen- sponds to the expression of VHB1-8 itself. This also holds
erated by gene targeting in embryonal stem (ES) cells for glD42i (Y. P.-J. and D. E., unpublished data). This
from strain 129 (IgHa), T15i and B1-8i mice expressed situation contrasts with that in heterozygous T15i mice,
the transgenic H chains with constant (C) regions of the where approximately 60% of the cells express the wild-
a allotype (Taki et al., 1993; see below). In contrast, type allele and have inactivated the T15i allele by DH →
glD42i mice were derived from targeted ES cells of VHDHJH or VH → (DH → VHDHJH) rearrangements (Taki et
C57BL/6 (IgHb) origin. Consequently, they expressed al., 1995).
transgenic antibodies of the b allotype (see below). This
allotypic difference facilitated the analysis of transgene
Mice Carrying Two Distinct VHDHJH Transgenesexpression in subsequent crosses.
in Their IgH Alleles Produce B Cells,
Most of Which Express Both GenesAlmost All B Cells in Heterozygous B1-8i
Two types of crosses were performed to assess B celland glD42i Mice Express H Chains
development in mice carrying appropriately positionedfrom the Targeted Allele Only
distinct VHDHJH gene segments in their IgH alleles. TheIn mice heterozygous for the B1-8i and glD42i mutations,
the wild-type IgH alleles appear to be almost perfectly first was a cross generating B1-8i/glD42i animals. Here
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Figure 2. Surface IgM on PBLs of IgH Inser-
tion and Control Mice
(A) IgM allotype expression on peripheral
blood lymphocytes (PBLs) of 8-week-old IgH
insertion andcontrol mice. PBLs werestained
with FITC-MB86 (anti-mb) and PE-RS3.1
(anti-ma).
(B) Idiotype expression on PBLs of 8-week-
old IgH insertion andcontrol mice. PBLs were
washed with isotonic acetate buffer and
stained with FITC-Tc54 (anti-T15) and biotin-
Ac146 (anti-B1-8). Biotinylated MAb was re-
vealed by PE-streptavidin.
The numbers indicate the percentage of
cells within the lymphocyte gate. Asterisks
indicate mice carrying the CkT mutation (Zou
et al., 1993).
the analysis of H chain expression from the two IgH of both the Ac146-reactive and unreactive cells (and
essentially all cells expressing the targeted IgH allele)alleles was straightforward, because the two alleles dif-
fered by C region allotype (B1-8i, a; glD42i, b). The sec- express VHB1-8 as shown by sequence analysis of re-
arranged VH genes amplified from cDNA derived fromond cross involved B1-8i and T15i mice. In this case,
the two mutant IgH alleles were allotypically indistin- single cells of the various fractions (Table 1), the differ-
ences in Ac146 staining likely result from the expressionguishable, so V region markers were required for the
analysis. For the T15 VH region, a monoclonal anti-idio- of different l light chains. Indeed, 68% of Ac1462 cells
could be stained with an antibody specific for VlX (Dil-typic antibody is available that recognizes this structure
specifically in association with most L chain V regions drop et al., 1987; Sanchez and Cazenave, 1987; Sanchez
et al., 1991), whereas this fraction was only 2% in the(Desaymard et al., 1984). However, in the case of VHB1-8,
the only monoclonal anti-idiotype recognizingthis struc- Ac146bright cells (data not shown).
Using the appropriate anti-allotypic and anti-idiotypicture by itself (antibody Ac146; Reth et al., 1979) fails
to bind its target in association with certain L chains markers, transgene expression was assessed in periph-
eral blood B cells from B1-8i/glD42i, B1-8i/T15i; CkT/(unpublished data). This problem was circumvented by
making B1-8i/T15i mice homozygous for the CkT muta- CkT, and various control mice (Figure 2). In the B1-8i/
glD42i mice, the vast majority (.95%) of the IgM1 cellstion (Zou et al., 1993), such that they expressed L chains
of type l only. Since Ac146 is an anti-idiotype raised in the blood stained for both the a and the b allotype,
demonstrating expression of both IgH alleles (Fig-against the l1 chain±bearing antibody B1-8 and l1
chains are the major l subtype, this provided an efficient ure 2A).
In the case of the B1-8i/T15i combination the situationway to quantitate VHB1-8 expression in the Bcell popula-
tion of the mutant animals. This can be seen from the was similar, but there was clearly a fraction of cells
(approximately one third of all B cells) that was negativeanalysis of peripheral blood B cells from B1-8i, a/b; CkT/
CkT mice for reactivity with antibody Ac146 (Figure 2B, for the T15 idiotype (Figure 2B). The presence of the
VHT152 cells in the mutant mice was not surprising insecond diagram). A major population of brightly staining
cells appears, together with a smear of cells that stain light of our earlier data showing the frequent inactivation
of the T15i allele through ªsecondaryº rearrangementsless brightly. Only a few B cells as identified by the
B220/CD45R marker (z10%) are totally unreactive with of upstreamDH or DH plus VH elements into the transgenic
VHDHJH gene segment in early B cell progenitors (Takiantibody Ac146 (data not shown).Since thevast majority
Table 1. Sequence Analysis of Single m1 Splenic B Cells from a 7-Month-Old B1-8i, a/b; CkT/CkT Mouse
Fraction of m1 Splenic B Cells
Ac1462 Ac146dull Ac146bright
Cells analyzed 21 14 5
VHDHJH rearrangement 19 (90%) 13 (93%) 5 (100%)
detected by PCR
Sequenced 15 12 4
VHDHJH rearrangements 13 11 4
identical to VH B1-8
VHDHJH rearrangements 2a 1a Ð
different from VH B1-8 heavy chain
a VHDHJH rearrangements use JH elements other than JH2 and therefore likely originate from the nontargeted allele.
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et al., 1995). That this indeed explains the presence of
the VHB1-8-only cells in the double mutant mice was
demonstrated by Southern blot analysis of genomic
DNA of single and double producing splenic B cells
isolated from the animals by fluorescent cell sorting
(Figure 3): in the VHB1-8-only cells, the 2.5 kb EcoRI
fragment corresponding to the inserted VHT15 gene is
essentially absent, and a new 5.1 kb band appears,
characteristic of the DH → VHDHJH rearrangement by
which VHT15 is most frequently inactivated during early
development (Taki et al., 1995). In accord with the inter-
pretation that the B1-8-only cells in these animals are
generated early in B cell development are flow cytome-
tric data showing their abundance already in the popula-
tion of newly generated B cells in the bone marrow (45%
of these cells in one particular experiment; data not
shown).
To make sure that the high frequency of double pro- Figure 3. B1-8 Single Positive Cells in B1-8i/T15i Double Insertion
ducing cells in the blood of the double transgenic ani- Mice Lost the VT15 Gene
mals was not a peculiarity of this particular cellular com- Southern blot analysis of sorted B1-8 single and B1-8/T15 double
partment, we selected theB1-8i/glD42i combination and positive splenocytes from B1-8i/T15i double insertion mice bearing
the CkT mutation. DNA extracted from sorted cells was digestedanalyzed B cells in spleen and bone marrow for allotype
with EcoRI and hybridized with probe A (Figure 1). Tail DNA fromexpression. As depicted in Figure 4, the results were
T15i/wild-type and B1-8i/wild-type mice was used as control. Frag-indistinguishable from those obtained for peripheral
ment sizes (in kilobases) are indicated.
blood B cells. Finally, to confirm that the analysis of
allotype expression by surface staining truly reflects en-
dogenous expression of the corresponding IgH alleles
the level of CD431 progenitors (Table 2). Except fractionand is not obscured by passively adsorbed serum anti-
A (which is known to consist of a mixture of B and naturalbodies, spleen cells from B1-8i/glD42i mice were cul-
killer cell progenitors; Rolink et al., 1996), the size of thistured invitro in the presence of lipopolysaccharide (LPS)
compartment is significantly smaller in the transgenicand interleukin-4 (IL-4) for 5 days and subsequently
than the wild-type animals (Table 2, bottom). This istested for cytoplasmic expression of IgM of a and b
consistent with earlier data indicating rapid progressionallotype. The results of this analysis (Figure 5) clearly
of B cell progenitors equipped with a transgenic H chaindemonstrate cytoplasmic expression of both allotypes
through early phases of development (Era et al., 1991).in the vast majority of the cells.
In the present data this effect is smallest in heterozygous
T15i mice. This may reflect the fact that in these animals
the T15transgene is frequently inactivated by secondaryThe Size of the Compartments of B Cells
gene rearrangements (Taki et al., 1995), making the cor-and Their Progenitors Does Not Depend
responding cells dependent on productive VHDHJH jointson H Chain Allelic Exclusion
in the wild-type IgH locus as in normal B cell devel-In the bone marrow of the mouse, B lineage cells can
opment.be subdivided into developmentally ordered subpopula-
Overall, the data in Table 2 indicate efficient genera-tions on the basis of cell surface markers. In the classifi-
tion of B cells in the bone marrow of both single andcation of Hardy et al. (1991), early B cell progenitors
double transgenic mice. As shown in Table 3, both typesexpress the CD43 antigen and distribute into fractions
of mice also possess normal-sized splenic B cell com-A, B, C, and C9 on the basis of other surface markers
partments. Together, these results indicate that neither(Hardy et al., 1991; Ehlich et al., 1993). Upon further
the generation nor the maintenance of B cells differsdifferentiation, the cells develop into CD432 pre-B cells
dramatically between these animals.(expressing cytoplasmic m chains; fraction D) from
which IgM1 immature B cells (fraction E) and, finally,
mature IgM1, IgD1 B cells emerge (fraction F). We have Discussion
measured the sizes of these cellular compartments in
the various single and double transgenic mice in two Replacing JH by VHDHJH Gene Segments:
Variations in Locus Stability and Allelicexperiments (Table 2). In the first (Table 2, top), the
numbers of CD431 progenitors and CD432 pre-B, imma- Exclusion, and Limitation as a Model
for Receptor Editingture B, and mature B cells were determined. In the sec-
ond (Table 2, bottom), we measured the various CD431 Taking our previous work (Taki et al., 1993, 1995) to-
gether with the present results, it appears that differentprogenitor subsets. Despite substantial variations in the
cell numbers, there is no indication from the results that mutant IgH loci, in which JH is replaced by distinct VHDHJH
gene segments, can dramatically differ in their stabilitythe various cellular compartments differ in any system-
atic way between the single and double transgenic mice. during B cell development. The stability of the mutant
loci is probably determined by their ability to serve as aThe only consistent difference in cell numbers in Table
2 is seen between the wild type and all transgenics at substrate for recombination with upstream DH elements
Development of Allelically Included B Cells
229
Figure 4. IgM Allotype Expression on B Cells in Bone Marrow and Spleen of 8-Week-Old IgH Insertion and Control Mice
Single cell suspensions were prepared from each organ and stained as in Figure 2. Only cells falling into the lymphocyte gate were analyzed.
early in development, namely at the stage of DH → JH CCAG motif in this position. However, when other mu-
tant IgH loci are also taken into consideration (Chen etjoining in the wild type. As we have previously shown
(Taki et al., 1995), DH elements are frequently rearranged al., 1995; Cascalho et al., 1996), a more complex picture
seems to emerge. Thus, a large fraction (z20%) of theat that stage into the T15i locus, via two ªhotspotsº of
recombination characterized by heptameric RSS in the peripheral B cells of the animals of Cascalho et al. (1996)
express VHDHJH joints modified by recombination withinserted gene. Since these hotspots are localized in the
leader intron of VHT15 and its first framework region, upstream DH and VH segments, whereas we did not see
a single such event in B cells from animals carrying therespectively, these secondary rearrangements (in which
upstream VH genes can also be involved, presumably B1-8i mutation (Table 1). In both cases the engineered
VHDHJH joints encode the same antigenic specificity inthrough ªtertiaryº rearrangement later in development)
usually inactivate the inserted VHT15 gene, allowing combination with l chains, the analysis being done in
both cases in mice in which the k locus had been inac-VH → DHJH joining on the other (wild-type) IgH allele.
In contrast, as shown by the present data, the B1-8i tivated. Therefore, the different behavior of the two
mutant loci most likely relates to differences in theirlocus exhibits a high degree of stability during B cell
development. In the case of glD42i, the situation is less molecular structures. However, none of these differ-
ences appears to provide a satisfactory explanation forclear-cut, but the significantly better exclusion of the
wild-type allele by glD42i than by T15i points to the the different phenotypes. Thus, a neor and the DQ52
element are present in the mutant locus of Cascalho etsignificantly higher stability of the former.
The stability of the engineered loci may well be af- al., while both are missing in B1-8i. DQ52 is also missing,
however, in T15i (which is unstable), and in the case offected by the presence or absence of hotspots of recom-
bination. Thus, the major recombination breakpoint in D42i locus stability appears independent of the pres-
ence or absence of the neor gene in a first approximationthe case of VHT15 lies in the leader intron (Taki et al.,
1995) and is characterized by a RSS heptamer and adja- (Y. P.-J. and D. E., unpublished data). Further, we engi-
neered the B1-8i allele not to contain the internal RSScent CCAG motif (Chou and Morrison, 1993). VHB1-8
lacks both of these structures, and VHglD42 with its inter- heptamer in framework 3, classically involved in the VH
replacement reaction (Reth et al., 1986; Kleinfield et al.,mediate stability possesses the heptamer but lacks the
Figure 5. Cytoplasmic IgM Allotype Expression in Splenic B Cells Stimulated with LPS
Spleen cells were cultured with LPS and IL-4 for 5 days. Recovered viable cells were fixed with 2% formaldehyde, permeabilized with saponin,
and stained with biotin-RS3.1 (anti-ma) and FITC-MB86 (anti-mb). Biotin-RS3.1 was counterstained with PE-streptavidin. The numbers indicate
the percentage of cells within the lymphocyte gate.
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Table 2. Cell Numbers of Bone Marrow Fractions A±F of IgH Insertion Mice
Fraction
Total Cells Lymphocytes
Strain N (3 107) (3 106) A±C 3 105 D 3 105 E 3 105 F 3 105
Wild type/wild type 4 1.8 6 0.3 6.6 6 1.4 2.6 6 0.4 15.9 6 4.1 6.7 6 2.4 6.9 6 2.4
B1-8i/wild type 3 1.7 6 0.2 6.1 6 1.4 1.9 6 0.1 11.0 6 0.8 5.3 6 1.4 6.5 6 1.4
glD42i/wild type 4 1.9 6 0.2 5.7 6 1.4 1.7 6 0.5 9.8 6 3.8 2.7 6 0.9 6.8 6 2.6
T15i/wild type 3 2.1 6 0.5 7.0 6 2.0 2.5 6 0.4 22.6 6 7.4 5.2 6 2.0 4.2 6 1.4
B1-8i/glD42i 4 1.9 6 0.2 6.8 6 1.6 1.7 6 0.1 9.0 6 1.9 5.3 6 1.7 9.2 6 1.4
B1-8i/T15i 1 2.3 6.9 1.6 18.0 12.0 12.0
Fraction
Strain N A 3 104 B 3 104 C±C9 3 104
Wild type/wild type 4 15.5 6 5.3 6.5 6 2.0 3.2 6 0.6
B1-8i/wild type 2 12.0 6 1.0 1.0 6 0.1 0.4 6 0
glD42i/wild type 3 9.4 6 2.9 1.2 6 0.2 0.6 6 0.1
T15i/wild type 2 15.5 6 3.5 3.3 6 0.8 1.4 6 0.1
B1-8i/glD42i 3 11.0 6 1.7 0.8 6 0.3 0.5 6 0.1
B1-8i/T15i 2 11.8 6 2.2 0.8 6 0.1 0.2 6 0.1
Bone marrow cells of two femora from 7- to 10-week-old mice were counted, and the size of the various fractions was calculated as described
previously (Ehlich et al., 1993).
(Top) The number of cells in fractions A±C9, D, E, and F was determined by three-color staining using FITC-R33-24-12 (anti-m), PE-RA3-6B2
(anti-B220), biotin-S7 (anti-CD43), and Cy-Chrome-streptavidin.
(Bottom) The number of cells in fractions A, B, and C±C9 was determined by four-color staining using FITC-30F1 (anti-HSA), PE-BP-1, biotin-
S7 (anti-CD43), APC-RA3-6B2 (anti-B220), and Texas red±streptavidin.
Values represent the mean 6 SD. Values in top and bottom sections are from two independent experiments. N, number of mice analyzed.
1986). This structure is still present in the mutant locus into most of the newly formed VHDHJH joints isolated
from the various mutants (Chen et al., 1995; Cascalhoof Cascalho et al., but as in the case of T15i and that
of Chen et al. (1995), it is involved only in a minority of et al., 1996). The insertion of N sequences is known
to be due to the activity of terminal deoxynucleotidylthe secondary rearrangements, if at all.
While the mechanism(s) controlling the stability of transferase (Alt and Baltimore, 1982; Gilfillan et al., 1993;
Komori et al., 1993), an enzyme which is down-regulatedªknocked inº IgH loci during B cell development may
thus be complex, it is important to point out that the in pre-B and immature B cells (Li et al., 1993) where
receptor editing would occur. Since, in addition, DH-secondary rearrangements occurring in some of these
loci largely represent an artifact of this experimental initiated secondary rearrangements of VHDHJH loci as
well as ªtrueº VH replacement reactions often involvesystem, in which DH elements are still present upstream
of the VHDHJH joint, in contrast with the physiological deletions of substantial stretches of nucleotides, they
cannot usually be distinguished from each other at thesituation. These rearrangements differ from ªreceptor
editingº as originally proposed by Tiegs et al. (1993) both sequence level with confidence, even in the absence of
N nucleotide addition. Thus, while the analysis of in vivoin terms of developmental timing (as they are initiated at
an earlier stage than that of an immature B cell reacting rearrangements of VHDHJH joints engineered into the JH
locus of mice is not in conflict with the original conceptto self-antigen, namely that of DH → JH joining; Taki et
al., 1995) and mechanistically (as they are mostly, if not of receptor editing, it has not so far supported it in a
straightforward way.always, initiated by recombination of an upstream DH
instead of a VH element as in theclassical V gene replace- Once maintained during B cell development, an in-
serted productive VHDHJH on one chromosome excludesment reaction [Reth et al., 1986; Kleinfield et al., 1986]
into a VHDHJH joint). That the former is indeed the case a wild-type IgH allele almost perfectly (Taki et al., 1995;
Chen et al., 1995; present data). It is on this basis thatis indicated not only by the direct demonstration of Taki
et al. (1995), but also by the insertion of N sequences the present studies were undertaken.
Table 3. Numbers of Splenic Lymphocytes in IgH Insertion Mice
Total Cells
Strain N (3 107) T Cells (%) B Cells (%)
Wild type/wild type 5 7.6 6 1.8 44.8 6 2.8 49.2 6 3.2
B1-8i/wild type 3 9.0 6 0.8 36.0 6 5.7 49.3 6 5.4
glD42i/wild type 3 4.8 6 0.8 60.6 6 4.2 29.7 6 3.8
T15i/wild type 2 7.2 6 1.8 44.5 6 4.5 45.5 6 2.5
B1-8i/glD42i 5 8.8 6 0.7 38.2 6 6.0 50.0 6 5.0
B1-8i/T15ia 2 9.4 6 0.2 43.0 6 1.0 47.5 6 1.5
T and B cell ratios from spleens of 7- to 10-week-old mice were determined by fluorescence-activated cell sorter analysis using FITC-145-
2C11 (anti-CD3) and PE-RA3-6B2 (anti-B220). Values represent the mean 6 SD. N, number of mice analyzed.
a 7-month-old mice.
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Generation of B1-8VDJ Targeted ES CellsOnce Generated, B Cells Expressing H Chains from
NotI-linearized targeting construct (30 mg) was transfected by elec-Both IgH Alleles Are Not Counterselected
troporation into 2 3 107 E14.1 ES cells (KuÈhn et al., 1991). Theby B Cell±Intrinsic Mechanisms
transfected cells were selected with G418 (350 mg/ml) and Gan-
The present data establish for two different combina- cyclovir (2 mM). Double resistant colonies were identified by PCR
tions of VH region genes that mice engineered to express using a 59 primer (59-ACGATTACTACGGTAGTAGCTAC-39) located
at the DFL16.2 element in VB1-8 and a 39 endogenous primerdistinct H chains from their two IgH alleles generate
(59-GGAAACTAGAACTACTCAAGCTA-39) located 61 bp 39 of thedouble expressing B cells innormal numbers in the bone
EcoRI site and 59 of the Em enhancer (Taki et al., 1993). PCR amplifi-marrow and a normal-size compartment of such cells
cation was performed for 40 cycles using a thermal cyclerin the periphery. As far as we can see, this excludes the
(Biometra). Each cycle consisted of 1 min at 958C, 1 min at 618C,
possibility that B cell±intrinsic mechanisms such as H and 2 min at 728C. Putative targeted transfectants, positive for a
chain toxicity (Wabl and Steinberg, 1982) or monoallelic 1.3 kb PCR fragment, were further analyzed by Southern blotting.
Genomic DNA from PCR-positive colonies was EcoRI digested andsilencing of H chain expression (Imanishi-Kari et al.,
hybridized with probe A (Figure 1). Homologous recombinants were1993) contribute to the establishment of allelic exclusion
identified by a 6.5 kb band, corresponding to the wild-type allele,at the IgH locus to any significant extent. It also further
and an additional 3.2 kb band, corresponding to the B1-8VDJ tar-supports the view (LoÈ ffert et al., 1996) that the virtual
geted allele.Out of 60 G418 and Gancyclovirdouble resistant clones,
absence of double producing Bcells in l5-deficientmice 2 appeared to carry the targeted allele.
(in which allelic exclusion at IgH does not operate) re- To delete the neor gene, 40 mg of the circular Cre-encoding plas-
mid pIC-Cre (Gu et al., 1993) was transfected by electroporationflects a peculiarity of B cell development in this mutant
into 2 3 107 targeted ES cells. DNA from G418-sensitive clones wasstrain. It is particularly striking in this context that there
digested with HindIII and hybridized with probe B. Targeted clonesis no indication in the present experiments of a selection
with a successful neor deletion were identified by a 2.3 kb wild-typeof single producers in the generation of the peripheral
band and an additional 1.5 kb band (Figure 1Ad). Targeted clones
pool of ªnaive,º IgM1IgD1 B cells: the fraction of such that retained the neor gene were identified by a 2.6 kb band instead
cells is not larger in this compartment than that of the of the 1.5 kb band (Figure 1Ac). Of 21 G418-sensitive clones, 12
revealed a successful neor deletion.newly generated B cells in the bone marrow of B1-8i/
T15i mice.
Generation of B1-8i MiceHowever, we consider it likely that double producing
Two ES cell clones bearing the rearranged VB1-8 gene and withoutB cells would lose in competition with single producers
the neor gene were injected into blastocysts of CB.20 mice and
under selection by antigen. Indeed, as shown by Lozano transplanted into uteri of F1 (BALB/c 3 C57BL/6) foster mothers.
et al. (1993), cells expressing transgenic light chain V Chimeric mice were mated to CB.20 mice. Tail DNA from chinchilla
regions from several transgene copies are counterse- offspring, indicating germline transmission of the ES cell genome,
were analyzed by Southern blot. Tail DNA was digested with EcoRIlected in the germinal center reaction in which somatic
and hybridized with probe A (Figure 1Bb). Mice heterozygous forantibody mutants binding antigen with high affinity are
B1-8i carry a 6.5 kb wild-type fragment and an additional 3.2 kbgenerated and selected. Using the genetically engi-
band, derived from the targeted allele. Heterozygous mice from
neered animals described in this study, we plan to iden- one of the ES cell clones were bred to homozygosity and further
tify the phases of B cell development at which such analyzed.
competition (and, therefore, antigenic selection) occurs
by transfer of mixtures of single and double producing Flow Cytometric Analysis of Cells
Single cell suspensions from bone marrow, spleen, and peripheralcells.
blood were stained with monoclonal antibodies (MAbs) and ana-
lyzed by FACScan (Becton Dickinson) for three-color analysis or
FACStar (Becton Dickinson) for four-color analysis. The followingExperimental Procedures
MAbs were used in the flow cytometric analysis as fluorescein iso-
thiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC), Cy-Construction of the B1-8VDJ Targeting Vector
Chrome, or biotin conjugates: MB86 (anti-mb; Nishikawa et al., 1986);The targeting vector pIVhL2neor was constructed as described (Taki
RS3.1 (anti-ma; SchuÈ ppel et al., 1987); RA3-6B2 (anti-B220; Coffmanet al., 1993) with slight modifications. A 0.8 kb JH-Cm intron fragment
and Weissman, 1981); 145-2C-11 (anti-CD3; Leo et al., 1987); R33-was polymerase chain reaction (PCR) amplified from genomic DNA
24-12 (anti-m; GruÈ tzmann, 1981); S7 (anti-CD43; Gulley et al., 1988);from the 129/Ola-derived E14.1 cell line (KuÈ hn et al., 1991) using
BP-1 (Wu et al., 1990); 30F1 (anti-HSA; Hardy et al., 1991); Ac146the 59 primer, 59-TGTCTATCGATTTCAGAGCC-39 (containing a ClaI
(anti-B1-8; Reth et al., 1979); Tc54 (anti-T15; Desaymard et al., 1984);restriction site) and the 39 primer, 59-GAAACTAGAACTACTCAAG
and 10C5 (anti-VlX; Sanchez et al., 1991). Biotin conjugates wereCTA-39. This short arm of homology together with a 9 kb BamHI±XhoI
revealed by PE-streptavidin (Southern Biotechnology), Cy-Chrome-fragment 59 of DQ52 (Taki et al., 1993) and containing the HSV±tk
streptavidin (Pharmingen), or Texas red±streptavidin (Boehringergene (Thomas and Capecchi, 1987) were cloned into the ClaI±PstI
Mannheim). Idiotype stainings using Ac146 and Tc54 were per-and XhoI sites of the pBluescriptII vector (Stratagene), respectively.
formed after washing the cells with isotonic acetate buffer (pH 4) inSubsequently, a neomycin cassette, flanked by two loxP sites (Gu
order to strip Fc receptor±bound serum IgG class antibody (Kumagaiet al., 1993), was inserted into the unique XhoI site of the vector.
et al., 1975). Cells in the lymphocyte gate, as defined by forwardA rearranged B1-8 VHDHJH (VB1-8) was excised as an EcoRI±BamHI
and side light scatter (FoÈ rster et al., 1989), were analyzed. Deadfragment from the pEVhCg1 vector (Simon and Rajewsky, 1988),
cells were gated out by propidium iodide staining.which was originally derived from the vector pSV-Vm1 (Neuberger,
1983). Blunt ends were created with Klenow enzyme, and the frag-
ment was cloned into the HincII site of pBluescriptII. To avoid VH Cell Sorting and Southern Blot Analysis
Spleen cells from B1-8i/T15i double insertion mice carrying the CkTreplacement events mediated through the VH-internal heptamer
(Reth et al., 1986; Kleinfield et al., 1986), we introduced a TGT to mutation (Zou et al., 1993) were washed with isotonic acetate buffer
(pH 4) and stained with FITC-Tc54 (anti-T15) and biotin-Ac146 (anti-TGC silent mutation at codon 92 (numbering according to Kabat
et al. [1991]) of the B1-8 gene through site-directed mutagenesis. B1-8), followed by streptavidin-PE and Cy-Chrome-RA3-6B2 (anti-
B220). B1-8 single and B1-8/T15 double positive B cells were sortedSubsequently, the VB1-8 fragment was released as an XhoI±ClaI frag-
ment and subcloned into the SalI±ClaI sites of pIVhL2neor to gener- by FACStar (Becton Dickinson). The purity of sorted B1-8 single and
B1-8/T15 double positive B cells was 82% and 79%, respectively.ate the B1-8VDJ targeting vector.
Immunity
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Genomic DNA from sorted cells was prepared as described pre- anti-VlX antibody, F. Schwenk for critical discussion, U. Ringeisen
for the artwork, and G. Schmall for help with the manuscript. Thisviously (Laird et al., 1991) and hybridized with probe A after EcoRI
digestion (Figure 1). work was supported by the Deutsche Forschungsgemeinschaft
through SFB 243, the German±Israeli Foundation, the Human Fron-
tier Science Programme, and the Land Nordrhein±Westfalen.LPS Culture and Cytoplasmic Immunoglobulin Staining
Spleen cells were cultured in RPMI medium (GIBCO BRL) supple-
mented with 10% fetal calf serum, 40 mg/ml LPS, and 10% IL-4-
containing supernatant (Jung et al., 1993). Cells were recovered, Received December 20, 1996.
subjected to Ficoll gradientcentrifugation, andfixed with 2% formal-
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